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Humoral immunityThe larval endoparasitoid Cotesia chilonis injects venom and bracoviruses into its host Chilo suppressalis
during oviposition. Here we study the effects of the polydnavirus (PDV)-carrying endoparasitoid
C. chilonis (Hymenoptera: Braconidae) parasitism, venom and calyx fluid on host cellular and humoral
immunity, specifically hemocyte composition, cellular spreading, encapsulation and melanization.
Total hemocyte counts (THCs) were higher in parasitized larvae than in unparasitized larvae in the late
stages following parasitization. While both plasmatocyte and granulocyte fractions and hemocyte
mortality did not differ between parasitized and unparasitized hosts, in vitro spreading behavior of
hemocytes was inhibited significantly by parasitism throughout the course of parasitoid development.
C. chilonis parasitism suppressed the encapsulation response and melanization in the early stages.
Venom alone did not alter cellular immune responses, including effects on THCs, mortality, hemocyte
composition, cell spreading and encapsulation, but venom did inhibit humoral immunity by reducing
melanization within 6 h after injection. In contrast to venom, calyx fluid had a significant effect on cell
spreading, encapsulation and melanization from 6 h after injection. Dose–response injection studies
indicated the effects of venom and calyx fluid synergized, showing a stronger and more persistent
reduction in immune system responses than the effect of either injected alone.
 2015 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
To survive and develop in the hemocoel of insect hosts success-
fully, endoparasitoids have evolved spectacular mechanisms to
avoid or inhibit both the cellular and humoral immune responses
of their hosts (Asgari, 2006; Burke and Strand, 2014; Hoffmann
et al., 1999; Kanost and Gorman, 2008; Schmidt, 2008; Strand,
2008). Endoparasitoids display diverse strategies in different
parasitoid-host systems (Dorémus et al., 2013a) to avoid being
recognized as foreign objects by host immune systems. These
include a ‘‘passive” strategy that is more accurately termed ‘‘local
active regulation” whereby parasitoid eggs are often covered by
some protective components (Asgari et al., 1998; Furihata et al.,
2014; Hu et al., 2014; Dorémus et al., 2013a).
As well, endoparasitoids also have evolved ‘‘active strategies”
whereby the injection of maternal factors with eggs into the cavityof the host can alter the host immune physiology. These factors
include venoms (Asgari and Rivers, 2011), polydnaviruses (PDVs)
(Gundersen-Rindal et al., 2013), virus-like particles (VLPs)
(Reineke et al., 2006) and ovarian proteins (Webb and Luckhart,
1996), and the effect of each depends on the parasitoid species
(Asgari, 2006; Beckage, 2008; Schmidt, 2008). Among these mater-
nal parasitoid factors, PDVs are the most studied. PDVs persist as
stably integrated proviruses in the genome of associated wasps
and replicate only in the calyx cells of female ovaries. From the
ovary, virions are then transferred into a host during oviposition
and rapidly infect host cells. As a result of the expression of the
viral products, a myriad of physiological changes can be observed,
notably the inhibition of the immunity of the host. PDVs never
replicate in the host, because the packaged DNA lacks virus-
related genes required for replication (Gundersen-Rindal et al.,
2013; Strand, 2010).
Together with PDVs, a fluid from the venom gland is injected
into the host along with the eggs. Venom can induce complex
physiological alterations (Asgari and Rivers, 2011; Pennacchio
and Strand, 2006). For endoparasitoids lacking PDVs, venom is
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cytotoxic and cytolytic effects (Er et al., 2010, 2011; Parkinson
et al., 2002a,b, 2004), and alterations in host cellular and humoral
immunity (Cai et al., 2004; Colinet et al., 2009; Fang et al., 2011a,b;
Labrosse et al., 2005; Mabiala-Moundoungou et al., 2010). How-
ever, in some PDV-carrying endoparasitoids, especially in ichneu-
monids, venom is not essential (Beckage et al., 1990; Davies
et al., 1987; Dorémus et al., 2013b; Stoltz and Guzo, 1986;
Strand and Noda, 1991), while in some braconids the venom is nec-
essary to protect the eggs from encapsulation (Kitano, 1986; Wago
and Tanaka, 1989), reduce the proteolysis of hemolymph prophe-
noloxidase (Asgari et al., 2003a,b) and promote the persistence
and expression of PDVs (Stoltz et al., 1988; Zhang et al., 2004).
Up to now, there have been few rigorous analyses of the continu-
ous effects of parasitism, in particular the effects of different
maternal factors, on both host cellular and humoral immunity;
moreover, the long-term interaction of venoms and PDVs has been
subject only to limited investigations.
Cotesia chilonis (Hymenoptera: Braconidae) is an obligate larval
endoparasitoid that effectively regulates the density of Chilo sup-
pressalis (Lepidoptera: Crambidae), one of the economically most
important rice pests in China and other Asian countries. This para-
sitoid is mainly present in China, Japan, Indonesia and North Korea
and its natural parasitism rates range from 10% to 30% and may be
as high as 90%, for example, in Jiangsu province, China (Lou et al.,
2014; Qi et al., 2014). This braconid has also been imported into
several African countries as a means to control lepidopteran stem
borers (Hailemichael et al., 2008). Our previous studies indicated
that C. chilonis injected bracovirus and venom into hosts during
oviposition (Li et al., 2011) to influence host expression of fatbody
and hemocyte genes (Qi et al., 2014; Wu et al., 2013). However, lit-
tle is known about the influence of C. chilonis parasitization and
parasitoid-associated factors on the host C. suppressalis immune
system. In this study, we described the immune reactions of C. sup-
pressalis parasitized by C. chilonis and injected with factors derived
from the adult female wasps. Long-term dose–response studies
were performed to investigate the interaction between venom
and calyx fluid and our results contribute to a better understanding
of the complementarity between injected factors that regulate the
interaction between parasitoid wasps and their hosts.2. Materials and methods
2.1. Insect collection, rearing and parasitization
Host C. suppressalis moths were collected primarily from paddy
fields in the experimental farmland of China National Rice
Research Institute in Fuyang (30.07N, 119.95E), Hangzhou, China.
The laboratory colony was reared on artificial diet (Han et al.,
2012). The endoparasitoid C. chilonis colony was reared on host
C. suppressalis larvae. Both species were maintained under the con-
ditions of 28 ± 1 C, 70–80% relative humidity, and a 16 h light-8 h
dark photoperiod. For parasitism experiments, 4th instar host lar-
vae aged 1 day old were exposed to one-day-old mated female
wasps, which had no previous contact with hosts. To avoid super-
parasitism, one host larva was held together with just one mated
female wasp in a petri dish, and the parasitoid was removed imme-
diately after a single oviposition was observed. The parasitized lar-
vae were then cultured under the conditions mentioned above. The
C. chilonis larvae emerged from the C. suppressalis larvae 9 days
after parasitism under the conditions mentioned above, and host
could retain viability for 4–5 days with a weak vitality. All solu-
tions, materials used in this study were sterilized. The 4th instar
larvae aged 1 day old were used for the experiments associated
with parasitism or injection with different wasp maternal factors.2.2. Injections of venom and calyx fluid
Venom and calyx fluid collection procedures were described by
Strand and Noda (1991). Briefly, prepared female wasps were indi-
vidually swabbed with 75% ethanol (v/v), dried and then the repro-
ductive tracts of wasps were excised under sterile Pringle’s
phosphate-buffered saline (PBS) with an aid of a Leica MZ 16A
stereomicroscope (Leica, Germany). Venom apparatuses and
calyces were removed and placed separately into PBS drops. The
venom reservoirs and calyces were torn open with forceps, respec-
tively, and then venom apparatuses, calyx tissues and eggs were
removed. PBS drops containing venom or calyx fluid were trans-
ferred into 1.5 ml eppendorf tubes and then centrifuged respec-
tively at 8000g or 200g for 10 min at 4 C. After centrifugation,
we obtained supernatants containing either venom or calyx fluid.
We mixed venom and calyx fluid supernatants to obtain a sample
with both fluids and all supernatants (venom, calyx fluid and
venom plus calyx fluid) were diluted with PBS into appropriate
concentrations required for injections. The venom, calyx fluid and
mixture of venom and calyx fluid injected into a host were 0.01,
0.15, and 0.75 wasp equivalents. One wasp equivalent was defined
as parasitism factors injected by only one wasp. Host larvae were
anaesthetized with carbon dioxide and injected through a proleg
with a glass micropipette mounted on a micromanipulator.
2.3. Hemocyte counts, mortality and cell spreading ability
Total hemocyte count (THC), differential hemocyte count (DHC),
mortality and cell spreading ability were measured from individual
C. suppressalis larva parasitized/injected with 1 ll, 0.01, 0.15, 0.75
equivalents of venom, calyx fluid and venom plus calyx fluid at
different sampling periods, respectively. Unparasitized larvae
injected with 1 ll of PBS were used as controls. Larvae were anaes-
thetized with carbon dioxide, surface sterilized with 75% ethanol
(v/v), dried and then bled onto Parafilm by cutting away a proleg.
100 ll of 10 diluted hemolymph from five larvae with the same
treatment was collected into a sterilized glass tube as a pool. There
was a total of five pools for one treatment.
THC was performed by transferring 1 ll of 10 hemolymph
from one pool to Neubauer hemocytometer and by counting under
the phase contrast microscope (Nikon eclipse TS-100, Japan). DHC
observation was performed by incubating 1 ll of 10 diluted
hemolymph from one pool into a well of 96-well plates (Corning
Incorporated costar 3599, Corning, USA) containing 150 ll TC-
100 insect medium (PAN-Biotech, Germany) with 10% fetal bovine
serum for 1 h and calculating the fraction of plasmatocytes and
granulocytes with the same model of microscope. Approximately
150 cells were identified from three randomly selected fields using
criteria specified by Strand (2008). While granulocytes were mor-
phologically distinguished based on the appearance of both cyto-
plasmic granules and spreading behavior, plasmatocytes were
usually larger than granulocytes and spread asymmetrically with
lamellipodia. Cellular mortality was confirmed using the CellToxTM
Green Dye (Promega, USA), which exhibits enhanced fluorescence
when stably bound to the DNA of cells that have lost membrane
integrity as a result of cell death in contrast to viable cells, which
produce no appreciable increase in fluorescence. In this assay,
1 ll of 10 diluted hemolymph from one pool was added to a well
of 96-well plates containing 150 ll TC-100 insect medium with
10% fetal bovine serum for 15 min and shielded from light. Then
the ratios of green fluorescent hemocytes were calculated from five
randomly selected fields of the view under the wavelength 450–
490 nm using a Nikon eclipse TS-100 (Nikon Intensilight C-HGFI)
to detect fluorescence.
Spreading behavior was measured by incubating 1 ll of
10 diluted hemolymph from one pool into a well of 96-well
Table 1
Total count of hemocytes from Chilo suppressalis larvae parasitized by Cotesia chilonis.
Time post-parasitism Total haemocyte count (107 cells/ml)
Unparasitized Parasitized
1 h 1.4 ± 0.1 1.3 ± 0.1
6 h 1.3 ± 0.1 1.0 ± 0.2
12 h 1.3 ± 0.1 1.1 ± 0.1
Day 1 1.8 ± 0.1 2.2 ± 0.2
Day 3 2.6 ± 0.3 2.6 ± 0.1
Day 5 2.6 ± 0.2 3.7 ± 0.2*
Day 7 4.7 ± 0.1 5.8 ± 0.0**
Day 9 5.0 ± 0.1 6.5 ± 0.1**
The data are expressed as mean ± standard error (n = 5). Data between parasitized
and unparasitized larvae at the same time point were significantly different with
the analyses of Student’s t-test.
* P 5 0.05.
** P 5 0.01.
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bovine serum for 1 h and inspected with the same model of micro-
scope. Hemocytes were identified from five randomly selected
fields of the view and granulocytes were morphologically distin-
guished by both the granules in their cytoplasm and how they
adhered to the plate to spread symmetrically, according to the cri-
teria of Wago and Kitano (1985) and Strand (2008). Plasmatocytes
in contrast were usually larger than granulocytes and spread asym-
metrically with lamellipodia. Both kinds of hemocytes attaching to
the plate and spread were phase dark. The spreading fraction was
calculated as the number of spreading plasmatocytes and granulo-
cytes observed divided by the total number of plasmatocytes and
granular cells observed and multiplied by 100 (% cell spread).
2.4. Hemocyte encapsulation assay
Encapsulation activity was measured from individual
C. suppressalis larva that were parasitized or injected with 1 ll,
0.01, 0.15, 0.75 equivalents of venom, calyx fluid and venom plus
calyx fluid at different sampling periods. For parasitized larvae
from 5 to 9 days, we also did a dilution experiment, in which
we used the hemolymph from parasitized larvae diluted to the
same concentrations as control.
Encapsulation experiments were carried out with C. suppressalis
hemocytes in vitro as described by Hu et al. (2014). Thirty Sepha-
dex A-50 beads (Pharmacia, Sweden) and 50 ll of 10 diluted
hemolymph in PBS were mixed in the 1.5 ml eppendorf tube. Tubes
containing hemolymph were attached to a ZD-9556 shaking table
(HLD, China) rotating at a speed of ten circles per minute to keep
the beads in contact with hemocytes for 2 h at room temperature.
Beads were then placed on slides to observe and record under the
phase contrast microscope.
To compare the extent of encapsulation, beads were assigned to
six classes (0–5) according to the thickness of the capsule as
described by Wu et al. (2008) with some modifications (Supple-
mentary Fig. 3): 0, unencapsulated; 1, a few hemocytes (<50)
attached to the beads; 2, more than 50 hemocytes up to one layer
covering the beads; 3, the thickness of capsule is more than one
layer, but less than a half of the bead’s radius; 4, the thickness of
capsule is more than a half of the bead’s radius, but less than the
bead’s radius; 5, the thickness of capsule is more than the bead’s
radius. The extent of the encapsulation was expressed as an Encap-
sulation Index (%) calculated as follows = [R(the number of beads
with a defined encapsulated grade  its corresponding grade num-
ber)/(total number of beads observed  5)]  100.
2.5. Melanization assay
Melanization was measured from individual C. suppressalis larva
parasitized/injected with 1 ll, 0.01, 0.15, 0.75 equivalents of
venom, calyx fluid and venom plus calyx fluid at different sampling
periods, respectively. Unparasitized larvae injected with 1 ll of PBS
were used as controls. Phenoloxidase (PO) activity was performed
spectrophotometrically by measuring formation of dopachrome
from 3, 4-D-L-dihydroxyphenylalanine at 490 nm as described pre-
viously with minor modifications (Rao et al., 2010). 20 ll of 10
diluted hemolymph from a control or treated host larva and
20 ll PBS containing 0.5 lg Micrococcus luteus were mixed and
incubated for 5 min in a well of 96-well plates at room tempera-
ture. Then PO activity was measured by adding 200 ll of 2 mM 3,
4-D-L-dihydroxyphenylalanine in PBS to a well and monitoring
absorbance at 490 nm at room temperature for 30 min using a
Bio-Tek SynergyTM HT Multi-Detection Microplate Reader (Bio-
Tek, USA). In addition, the level of total protein in the hemolymph
was determined by the Bradford bioassay using Bradford Protein
Assay Kit Bradford (Sangon Biotech, China). PO activity wasexpressed in photometric units (1 unit = 0.001 OD490/min mg of
hemolymph). The inhibition rate was calculated as follows: Inhibi-
tion rate (%) = (PO activity of control larvae – PO activity of larvae
treated)/(PO activity of control larvae)  100%.
2.6. Data analysis
Mean results for different treatments (effects of parasitism on
all parameters and maternal factors on PO activity from 5 days to
9 days) were analyzed by Student’s t-test with an acceptance level
at statistical significance of P < 0.01 or P < 0.05. The differences
between means (effects of maternal factors on THC, DHC, mortal-
ity, cell spreading activity, encapsulation and melanization from
1 h to 24 h) were compared using one-way analysis of variance
(ANOVA) and Tukey’s test with an acceptance level at statistical
significance of P < 0.05. All statistical analyses were performed by
Data Processing System (DPS) package (Version 9.5) (Tang and
Zhang, 2013). All proportions were transformed by arcsine square
root transformation before analysis.
3. Results
3.1. Effects of parasitism, venom and calyx fluid on THCs, DHCs and
mortality
THCs of parasitized larvae were similar to those of unpara-
sitized larvae from 1 h to 3 days, but were higher thereafter
(Table 1). In both unparasitized and parasitized larvae, greater than
95% of the total hemocyte population comprised plasmatocytes
and granulocytes and the percentage of granular hemocytes was
typically twice as high as that of plasmatocytes. Parasitism had
no effect on mortality (Supplementary Table 1) and there was no
significant difference in the proportion of plasmatocytes and gran-
ulocytes, as well (Supplementary Table 1).
1 h after injection, larvae injected with 0.75 equivalents of
either C. chilonis venom alone, calyx fluid alone, or venom plus
calyx fluid had higher initial hemocyte counts than PBS-injected
larvae, but hemocyte counts remained generally similar during
subsequent sampling periods (Table 2). Similarly, injection with
venom, calyx fluid, or venom plus calyx fluid had no strong effect
on either DHCs (Supplementary Tables 2 and 3) or mortality (Sup-
plementary Table 4).
3.2. Effects of parasitism on cell spreading ability, encapsulation
response and melanin formation
While greater than 80% plasmatocytes and granulocytes from
unparasitized larvae attached to the plate with filopodia or lamel-
lipodia and fully spread within 1 h (Figs. 1A and 2A), only 20–70%
Table 2
Total haemocyte count for Chilo suppressalis larvae injected with venom and/or calyx fluid from Cotesia chilonis.
Treatment Dosea Time post-injection
1 h 6 h 24 h Day 5 Day 7 Day 9
PBS – 1.0 ± 0.1 dc 1.2 ± 0.1 ab 1.8 ± 0.1 3.5 ± 0.1 5.3 ± 0.1 5.5 ± 0.2
Venom 0.01 1.0 ± 0.1 d 1.1 ± 0.1 ab 1.8 ± 0.2 3.6 ± 0.1 5.0 ± 0.3 5.4 ± 0.1
0.15 1.7 ± 0.2 abc 1.6 ± 0.0 ab 1.8 ± 0.2 3.3 ± 0.2 4.8 ± 0.2 5.3 ± 0.3
0.75 1.8 ± 0.1 ab 1.7 ± 0.2 ab 1.8 ± 0.1 3.5 ± 0.3 5.2 ± 0.1 5.4 ± 0.0
Calyx fluid 0.01 1.1 ± 0.1 dc 1.1 ± 0.1 b 1.9 ± 0.2 3.5 ± 0.1 5.4 ± 0.2 5.5 ± 0.2
0.15 1.6 ± 0.1 abc 1.6 ± 0.2 ab 2.0 ± 0.2 3.6 ± 0.2 5.2 ± 0.2 5.1 ± 0.4
0.75 1.8 ± 0.0 a 1.8 ± 0.2 a 2.0 ± 0.1 3.4 ± 0.4 5.3 ± 0.3 5.3 ± 0.3
Venom plus calyx fluid 0.01 1.1 ± 0.1 bcd 1.2 ± 0.1 ab 2.1 ± 0.1 3.6 ± 0.2 5.1 ± 0.4 5.3 ± 0.2
0.15 1.7 ± 0.2 abc 1.6 ± 0.1 ab 2.1 ± 0.3 3.5 ± 0.3 5.4 ± 0.2 5.3 ± 0.3
0.75 1.8 ± 0.2 a 1.8 ± 0.2 ab 2.1 ± 0.1 3.6 ± 0.3 5.5 ± 0.2 5.4 ± 0.3
The data (107 cells/ml) are expressed as mean ± standard error (n = 5).Values within the same column followed by different lower-case letters indicate a significant
difference determined by one-way ANOVA and Tukey’s test (P < 0.05).
a Dose is in wasp equivalents (see Section 2.).
Fig. 1. Phase contrast micrographs of hemocytes from Chilo suppressalis larvae placed in vitro. Hemocytes were incubated for an hour in 96-well plates after being bled from
(A) unparasitized larvae, (B) larvae injected 5 days earlier with 0.15 equivalents calyx fluid, (C) larvae injected 5 days earlier with 0.15 equivalents mixture of venom and calyx
fluid and (D) larvae 5 days after parasitism. Spread plasmatocytes (S-PL), spread granulocytes (S-GR), plasmatocytes not spread (NS-PL) and granulocytes not spread (NS-GR)
are each indicated.
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spreading behavior seen in hemocytes from parasitized larvae
persisted through 9 days (Figs. 1D and 2A).
Unparasitized hemolymph exhibited a strong encapsulation
response to Sephadex A-50 beads within 2 h after incubation,
and the extents of the capsules formed were variable (Supplemen-
tary Fig. 1). Within 24 h the encapsulation index of parasitized
larval hemolymph (about 35–50%) was markedly lower than that
of the unparasitized hemolymph (about 50–60%), however no
significant difference in encapsulation index was found 3 daysafter parasitism. In contrast, from 5 to 9 days after parasitism, we
observed a significant increase in hemocyte count, and dilution
of hemolymph from these larvae to the same hemocyte concentra-
tions as those from unparasitized larvae revealed a decrease in
capsule thickness caused by parasitization: the class 3 type
capsules were observed more commonly in unparasitized larval
hemolymph while for parasitized larvae class 2 was observed more
frequently, resulting in a significant difference in the encapsulation
index between parasitized (about 45%) and unparasitized larvae
(about 60%) (Fig. 2B).
Fig. 2. Effects of parasitism on (A) hemocyte spreading, (B) encapsulation response
and (C) PO activity of Chilo suppressalis larvae. ‘‘Parasitized’ ” indicates that the
hemolymph from parasitized larvae were diluted into the same hemocyte
concentrations with those from unparasitized ones. Data are presented as mean-
s ± SE, n = 5 (A and C): n = 3 (B). All proportions from (A) and (B) were transformed
by arcsine square root transformation before analysis. Significant differences
indicated by Student’s t-test (⁄P < 0.05, ⁄⁄P < 0.01). Fig. 3. Effects of different parasitism factors on Chilo suppressalis larvae hemocyte
spreading. Doses of each factors injected were (A) 0.01 wasp equivalents, (B) 0.15
wasp equivalents, (C) 0.75 wasp equivalents. Data are presented as means ± SE,
n = 5. The different letters on the same sampling time are significantly different
based on one-way analysis of variance (ANOVA) and Tukey’s test with an
acceptance level at statistical significance of P < 0.05.
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C. chilonis, but it began to recover 24 h after parasitism. After this
long-term recovery, a sharp drop in activity in 9-day parasitized
larvae was observed (Fig. 2C).3.3. Effects of venom and calyx fluid on cell spreading ability
Calyx fluid and mixture of venom and calyx fluid had a dose-
dependent effect on plasmatocyte and granulocyte spreading
behavior, but venom alone could not influence cell spreading abil-
ity relative to PBS-injected controls at any dose tested (Fig. 3).
While injection of 0.01 equivalents parasitoid-associated factors
did not suppress cell spreading activity for any time pointexamined (Fig. 3A), injection of 0.15 equivalents calyx fluid did
inhibit cell spreading behavior strongly from 6 h to 24 h, but not
significantly. However, injection of 0.15 equivalents venom plus
calyx fluid had a stronger and more persistent inhibitory effect
on cell spreading behavior at all time points (Figs. 1B, C and 3B).
Supporting the dose dependency of these effects, injection of
0.75 equivalents calyx fluid suppressed cell spreading from 6 h to
7 days (approximately 80%), and cell spreading behavior was
inhibited by 0.75 equivalents venom plus calyx fluid both more
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to 9 days).
3.4. Effects of venom and calyx fluid on cell encapsulation response
The effects of different parasitoid-associated factors on encap-
sulation were similar to their respective effects on cell spreading
behavior: while venom had no effect on encapsulation at any dose
tested relative to PBS-injected controls, both calyx fluid and venom
plus calyx fluid had significant dose-dependent effect on encapsu-
lation (Fig. 4).Fig. 4. Effects of different parasitism factors on encapsulation response of hemo-
cytes from Chilo suppressalis larvae to Sephadex A-50. Doses of each factors injected
were (A) 0.01 wasp equivalents, (B) 0.15 wasp equivalents, (C) 0.75 wasp
equivalents. Data are presented as means ± SE, n = 3. The different letters on the
same sampling time are significantly different based on one-way analysis of
variance (ANOVA) and Tukey’s test with an acceptance level at statistical signif-
icance of P < 0.05.As shown in Fig. 4A, injection of 0.01 equivalents calyx fluid
inhibited encapsulation activity only at 6 h (about 47%), but 0.01
equivalents venom plus calyx fluid had inhibitory effects beyond
6 h, up to 24 h (about 45%). The encapsulation response was inhib-
ited by 0.15 equivalents calyx fluid from 6 h to 24 h (about 40–
50%), but recovered by 5 days (about 60%). However, injection of
0.15 equivalents venom plus calyx fluid had a stronger and more
lasting inhibitory effect on encapsulation behavior (6 h-9 days,
about 35–50%) (Fig. 4B). The encapsulation index of larvae 6 h–
9 days after injection with 0.75 equivalents calyx fluid was mea-
sured at about 40–55%, which was significantly lower than that
of control larvae in most cases (about 55–65%). In striking contrast,
injection of 0.75 equivalents venom plus calyx fluid could inhibit
the encapsulation to a greater extent (about 35–45%) than calyx
fluid alone (Fig. 4C). Similar to the effect of parasitism on encapsu-
lation types, after injection the occurrence of class 3 was reduced
more than any other class while class 2 became the most
abundant.3.5. Effects of venom and calyx fluid on cell melanin formation
Venom, calyx fluid and venom plus calyx fluid all had a dose-
dependent effect on PO activity (Fig. 5). PO activity was markedly
inhibited by injection of 0.01 equivalents venomwithin 1 h relative
to controls (inhibition rate: 68.81%). Injection of 0.01 equivalents
calyx fluid reduced PO activity measured at 6 h (inhibition rate:
46.08%), but it recovered by 24 h. In the larvae injected with 0.01
wasp equivalents venom plus calyx fluid, PO activity remained
suppressed through 24 h (inhibition rate: from about 55% to
90%), but some recovery had occurred by 5 days (Fig. 5A).
This situation was similar to that of injection of 0.15/0.75 equiv-
alents maternal factors. PO activity in the larvae from 1 h to 6 h
after injection with 0.15 equivalents venom was significantly
lower than that of the PBS-injected larvae (inhibition rate:
69.37% and 23.34%). Significantly lower PO activity was detected
in the larvae from 6 h to 5 days after injection with 0.15 equiva-
lents calyx fluid (inhibition rate: from about 50% to 80%), and injec-
tion of 0.15 equivalents venom plus calyx fluid resulted in lower
PO activity than calyx fluid alone through 9 days (inhibition rate:
from about 60% to 95%) (Fig. 5B). Injection of 0.75 equivalents
venom reduced the PO activity within 6 h relative to PBS-injected
larvae (inhibition rates respectively 56.51% and 87.53%). PO activ-
ity was suppressed by injection of 0.75 equivalents calyx fluid from
6 h to 9 days (inhibition rates changed from about 65% to 90%).
Injection of 0.75 equivalents venom plus calyx fluid induced even
lower PO activity than calyx fluid alone during the sampling peri-
ods (inhibition rates reduced from about 95% to 85%) (Fig. 5C).4. Discussion
The quantity and quality of the hemocytes are important in
insect immune defense (Strand, 2008), thus it is unsurprising that
parasitization and parasitoid-associated factors usually encompass
modification of THC, DHC as well as change of hemocyte morphol-
ogy and behavior (Stettler et al., 1998). In our research, THCs were
slightly elevated in host larvae 5 days after parasitism and 1 h after
injection with 0.75 wasp equivalents maternal factors. While high
concentrations (0.75 equivalents) of parasitism factors can typi-
cally trigger both elevated THCs and host immune responses, THCs
were not elevated in parasitoid larvae suggesting that unidentified
components of the C. chilonis eggshell aid in the escape from host
immune recognition. However, the protective mechanism of
endoparasitoid larva is not clear, and perhaps newly hatched lar-
vae are recognized by host immune system 3–4 days after oviposi-
tion, resulting in elevated hemocyte counts.
Fig. 5. Effect of different parasitism factors on melanization in the hemolymph of
Chilo suppressalis larvae. Doses of each factors injected were (A) 0.01 wasp
equivalents, (B) 0.15 wasp equivalents, (C) 0.75 wasp equivalents. Data are
presented as means ± SE, n = 5. The different letters on the same sampling time
(from 1 h to 24 h) are significantly different based on one-way analysis of variance
(ANOVA) and Tukey’s test with an acceptance level at statistical significance of
P < 0.05. Data between controls and treatments at the same time point (from 5 days
to 9 days) are significantly different with the analyses of Student’s t-test
(⁄⁄P 5 0.01).
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systems result in diverse effects of parasitism on THCs. For exam-
ple, an increase of THCs occurs in Malacosoma disstria parasitized
by Hyposoter fugitivus (Stoltz and Guzo, 1986) and Pseudoplusia
includens parasitized by Microplitis demolitor (Strand and Noda,
1991). By comparing hemocyte levels in Drosophila melanogaster
and Drosophila suzukii from different subgroups, using a panel of
24 parasitoid strains representing 15 species, 4 families, and mul-
tiple virulence strategies, Kacsoh and Schlenke (2012) reported
that flies with increased constitutive blood cell (hemocyte)production were generally more resistant to wasp parasitism. In
contrast, in some parasitoid and host systems, parasitism leads to
a significant reduction of THCs (Doucet and Cusson, 1996; Guzo
and Stoltz, 1987; Nishikawa et al., 2013; Yu et al., 2007), presum-
ably due to either induced immunosuppression (Stettler et al.,
1998) or cell death of the circulating hemocytes and histolysis of
the hematopoietic organ (Teramoto and Tanaka, 2004). However,
especially in polyembryonic parasitoid/host systems such as
Macrocentrus cingulum/Ostrinia furnacalis and Copidosoma flori-
danum/Ctenoplusia agnata, there is no significant change of the host
hemocyte population, perhaps due to their ability to evade host
immune responses by molecular mimicry (Hu et al., 2003;
Nishikawa et al., 2013).
In this report we show that suppression of host cell spreading
behavior and encapsulation occurs in parasitized and calyx fluid
and venom plus calyx fluid injected C. suppressalis larvae. However,
more than half of the hemocytes still retained the ability to spread
in the larvae parasitized by C. chilonis or injected with effective
factors. So compared to other parasitoid/host systems, in the
C. chilonis/C. suppressalis system both parasitism and effective fac-
tors injection have a markedly less inhibitive effect on cellular
immunity. For example, in the M. demolitor/P. includens system,
hemocytes from parasitized larvae were held in vitro for up to
12 h, but no plasmatocytes or granulocytes attached to the
substrate or spread during the period. Approximately 90% of plas-
matocytes and granulocytes lose the ability to spread 2 h after
injection of 0.10 equivalents of mixture of venom and calyx fluid
in vitro (Strand and Noda, 1991). This partial inhibition of both cell
spreading behavior and encapsulation response to beads implies
that the endoparasitoid C. chilonis uses a combination of passive
and active strategies to ensure survival in the host C. suppressalis
larvae.
The encapsulation indices of larvae 3 days after being para-
sitized were generally similar to those of the control, unparasitized
larvae. This might be caused by the increase of total hemocyte pop-
ulation in parasitized larvae, an increase that effectively compen-
sates for a partial reduction in hemocyte encapsulation activity.
In H. fugitivus/M. disstria, hemocytes from host larvae 24 h after
parasitism could not encapsulate foreign objects, but 3 days later,
the foreign objects were effectively encapsulated as the total
hemocyte population increased (Stoltz and Guzo, 1986). Thus the
increase in THCs that we observe may be linked to a recovery in
encapsulation function, and this notion is supported by the dilu-
tion experiment shown in Fig. 2B. The recovery of immune func-
tions after parasitism that we measure by several criteria was
also reported in other few cases where the encapsulation was
observed to be temporarily disrupted during the initial stages of
parasitism in the systems of C. sonorensis/H. virescens (Davies
et al., 1987; Davies and Vinson, 1988), Microplitis mediator/Pseu-
daletia separata (Tanaka, 1987a) and C. congregata/Manduca sexta
(Lavine and Beckage, 1996). The mechanisms by which endopara-
sitoid progeny avoid encapsulation in the early stages of develop-
ment are better studied than larval protection during later stages
where the recovery of immune functions occurs. In the early stages
of parasitism, both the virus-like filaments and fibrous layer of par-
asitoid eggs appear to provide an initial passive protection barrier
against the host immune defense (Hu et al., 2003; Tanaka, 1987b).
In some endoparasitoids, virus-like particles devoid of nucleic
acids play an important role in early suppression of the host’s
immune response after parasitization (Reineke et al., 2006). Sev-
eral egg surface proteins have been identified, including a 32-kDa
protein of C. rubecula (Crp32), the immunoevasive protein (IEP)
of C. kariyai and an O-glycosylated protein called hemomucin of
M. cingulum, that protect the offspring from encapsulation during
these early stages of growth (Asgari et al., 1998; Furihata et al.,
2014; Hu et al., 2014). Ovarian proteins of Campoletis sonorensis
Table 3
Venoms from polydnavirus-producing endoparasitoids which are essential in protecting parasitoids from host immune responses.
Parasitoid/host system Work independently Function as a co-factor References
Passive evasion Active suppression
Cotesia chilonis/Chilo
suppressalisb
Melanization: reduced Cell spreading activity Melanization Encapsulation (bead) This paper
(p.i.v.): yes (p.i.v.) 1–6 h: no (p.i.v.): yes
(p.i.c.) 6–24 h: no (p.i.c.) 6 h–3 d: no (p.i.c.) 6 h–3 d: no
(p.i.m.) 6 h–9 d: no (p.i.m.) 1 h–9 d: no (p.i.m.) 6 h–9 d: no
Cotesia glomeratus/Pieris
rapae
Encapsulation No No Kitano (1982)
egg (p.i.v.a) 5 d: no (70%) Wago and
Kitano (1985)
bead (p.i.v.i) 1 h–2 d: yes
(80%)
Kitano (1986)
Cell spreading activity: no
effect
Cotesia kariyai/
Pseudaletia separata
No Encapsulation
bead: (p.i.v.a) 4 d: yes Tanaka (1987a)
(p.i.c.a) 4 d: yes (50%) Tanaka (1987b)
(p.i.m.a) 4 d no (85%) Wago and
Tanaka (1989)
Cotesia melanoscela (Cm)
and Hyposoter spp.
(H)/Orgyia
leucostigma
No Encapsulation
egg (H): (p.i.c.* Cm) 2 h–1 d: yes Guzo and Stoltz
(1985, 1987)
(p.i.m.a Cm) 2 h–1 d: no Stoltz et al.
(1988)
mechanism: Venom promotes
uncoating in vitro and
persistence in vivo of viral DNA
Cotesia plutellae/Plutellae
xylostella
Plasmatocyte spreading
activity (p.i.v.i) 1 h:
inhibited
Yu et al. (2007)
Cotesia rubecula/Pieris
rapae
Proteolysis of
prophenoloxidase: reduced
related proteins: Vn50 and
Vn4.6
Mechanism: promotes expression of PDV genes in vitro related proteins: Vn1.5 Asgari et al.
(2003a,b),
Zhang et al.
(2004)
Abbreviations: p.p. = post parasitization; p.i.v. = post injection of venom; p.i.c. = post injection of calyx fluid; p.i.m. = post injection of mixture of venom and calyx fluid; p.i.v.i = post incubation with venom in vitro; h = hour; d = day.
a Co-injection of eggs/beads.
b Dose is 0.15 wasp equivalents; yes: eggs/beads encapsulated; no: eggs/beads not encapsulated.
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(Noctuidae) rapidly change hemocyte morphology and impair the
immune responses transiently (Webb and Luckhart, 1996). How-
ever, additional and longer-term studies are needed to determine
the mechanism of parasitoid protection following the recovery of
immune functions in the late stages of the parasite’s life cycle.
An important question in the influence on host immunity by
PDV-carrying endoparasitoids is the interaction of PDVs and ven-
oms. Recent studies have focused on PDVs and their effects on
the hosts, but the functions of venoms from these endoparasitoid
wasps are largely unknown (Asgari, 2006; Asgari and Rivers,
2011; Burke and Strand, 2014; Pennacchio and Strand, 2006). Here
we show that in the C. chilonis/C. suppressalis system, venom syner-
gizes with calyx fluid resulting in a stronger and more persistent
inhibitory effect on both cellular and humoral immunity. Venom
from C. chilonis has been shown to interfere with melanin forma-
tion alone, making this venom an essential component in the inhi-
bition of host immune responses to provide immediate short-term
protection for the parasitoid egg before the expression of PDV. Pre-
vious studies indicate that the roles of venoms from PDV-carrying
endoparasitoids are variable among different parasitoid/host sys-
tems, with effects ranging from complete independence of some
ichneumonid PDVs (ichnoviruses) to variable dependency of bra-
conid PDVs (bracoviruses) on venom (Asgari, 2006; Asgari and
Rivers, 2011).
Table 3 summarizes the major known PDV-carrying endopara-
sitoid/host systems in which venom is essential in protecting
endoparasitoids from host immunity. While in some interactions,
venom can act independently, in the C. glomeratus/Pieris rapae sys-
tem, venom only suppresses egg encapsulation but not the encap-
sulation of other foreign objects (Kitano, 1982), leading Kitano
(1986) to hypothesize that the venom and egg-surface material
might synergistically act in some way to suppress the ability of
hemocytes to react against C. glomeratus eggs. In C. plutellae/Plu-
tella xylostella, venom can alter the plasmatocyte spreading activity
alone within 1 h after incubation in vitro (Yu et al., 2007). In C.
rubecula, a 50-kDa serine proteinase homolog (Vn50) and a 4.6-
kDa peptide (Vn4.6) from the venom gland can interfere with the
activation of the host P. rapae hemolymph prophenoloxidase
(Asgari et al., 2003a,b).
In other systems, venoms are essential for optimal PDV func-
tions. For instance, venom from C. melanoscela is demonstrated to
enhance PDV DNA persistence in the host Orgyia leucostigma and
help both PDV release into the cytoplasm and virus uncoating at
the nuclear pore in vitro (Stoltz et al., 1988). In C. rubecula, Zhang
et al. (2004) described a 1.5-kDa peptide (Vn1.5) consisting of 12
amino acids that could promote expression of PDV genes in vitro.
In C. kariyai/P. separata, when granular cells were incubated in
the presence of both calyx and venom fluids, their filopodia elonga-
tion was inhibited (Tanaka, 1987a,b; Wago and Tanaka, 1989).
Immunoevasive protein (IEP) of C. kariyai, which is synthesized
in the female reproductive tract, can protect eggs and foreign
materials from encapsulation and is essential for PDV infectivity
in the host target tissues (Furihata et al., 2014; Hayakawa and
Yazaki, 1997; Tanaka et al., 2002). Furihata et al. (2014) reported
an IEP homologue expressed in the wasp’s venom reservoir, imply-
ing that IEP might have another biological function in venom. The
venoms of braconid wasps carrying PDVs often retain functions,
but venoms from ichneumonid wasps do not appear to be neces-
sary to abolish host immunity. Although proteomic analysis of H.
didymator venom revealed both classical parasitoid venom pro-
teins involved in successful parasitism and proteins of unknown
function, this venom exhibited no effect on cellular immunity of
the host Spodoptera frugiperda (Dorémus et al., 2013b). Using a
combined transcriptomic analysis and proteomic approach, Burke
and Strand (2014) identified M. demolitor venom components thatbelonged to functional classes detected in other wasps, but these
venom components could not affect host hemocyte spreading or
PO activity (Strand and Noda, 1991). It is possible that some venom
proteins from the ichneumonid species become redundant or
switch their functions following acquisition of PDVs by the lineage,
and in this light, our results revealed an aspect of the functional
diversity of the venom in PDV-carrying endoparasitoid wasps.
Combined proteomic and transcriptomic techniques have been
used to characterize parasitoid venom proteins, three of which are
from the PDV-carrying endoparasitoids Chelonus inanitus, H. didy-
mator and M. demolitor (Burke and Strand, 2014; Colinet et al.,
2014, 2013; Crawford et al., 2008; de Graaf et al., 2010; Dorémus
et al., 2013b; Goecks et al., 2013; Heavner et al., 2013; Parkinson
et al., 2004; Vincent et al., 2010; Werren et al., 2010; Zhu et al.,
2010). Proteomic and transcriptomic analyses were first applied
to identify endoparasitic wasp C. inanitus venom proteins, which
are co-injected with PDV into the host S. littoralis at oviposition
(Stettler et al., 1998). Mass spectrometry confirmed 60% of
sequenced ESTs encode bonafide proteins and the combined appli-
cation of these techniques has allowed discrimination between cel-
lular and truly venom proteins (Vincent et al., 2010). In H.
didymator/S. frugiperda, venom is not required for successful para-
sitism, but proteomic analysis has identified both parasitoid
venom proteins classically known to be involved in successful par-
asitism along with other proteins of unknown function. Again, it is
likely that for this lineage some venom proteins become redundant
following acquisition of PDVs (Dorémus et al., 2013b). In the M.
demolitor/P. includens system, where venom is not essential in inhi-
bition of the host immunity (Strand and Noda, 1991), data from
RNAseq and proteomics reveal that the venom gland produces a
relatively simple set of proteins that minimally overlap with those
of teratocytes and M. demolitor Bracovirus, implying functional
cooperation of parasitism roles (Burke and Strand, 2014). From
our unpublished transcriptomic and proteomic data of C. chilonis
venom apparatus, we have identified a set of proteins, including
Vn50, serine protease inhibitors, extracellular superoxide dismu-
tase, calreticulin, IEP-2, along with some proteins not previously
described in other parasitoids, that are potentially involved in
immunity inhibition. These approaches will likely contribute to a
better understanding of the venom contents and functions.
Immune inhibition mechanisms are obviously diverse in differ-
ent host/parasitoid systems. In C. suppressalis/C. chilonis system, we
have preliminarily explored parasitism and venom/calyx fluid inhi-
bitory effects on cellular and humoral immune responses of host
by physiological experiments, but the functional mechanism of
their interaction is still largely unknown. A broad approach using
transcriptomic, proteomic, peptidomic and glycomic techniques
combined with bioinformatic analyses might provide a spring-
board to determine the functional roles of these bioactive
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